INTRODUCTION
============

Most mammalian cell types have a single, sensory primary cilium, whereas some specialized cell types have one or more motile cilia. In all cases, each cilium is nucleated by a centriole, the microtubule structure at the core of the centrosome. Primary cilia are important sensory organelles with functions ranging from mechanosensation and osmosensation to Hedgehog and somatostatin pathway signaling ([@B39]; [@B3]; [@B37]). Disruption of cilium function causes dramatic and diverse phenotypes, and human diseases resulting from primary cilium defects are collectively termed ciliopathies. Common features of the ciliopathies include neurological defects, retinal degeneration, obesity, polydactyly, and polycystic kidneys ([@B21]).

The importance of cilia in normal development is clear, and many ciliary proteins have been identified, but the mechanisms regulating the localization of signaling proteins to the cilium are not well understood. Many of the signaling events take place at the ciliary membrane, and the content of the ciliary membrane could be regulated at the points of entry, retention, and exit. Entry of membrane proteins into the cilium is regulated by three mechanisms. First, some ciliary membrane proteins such as fibrocystin, somatostatin, and rhodopsin have ciliary targeting sequences that selectively target them to the cilium ([@B45]; [@B2]; [@B13]). Second, nonciliary membrane proteins are kept out and ciliary membrane proteins in by three diffusion-barrier or gatekeeper complexes: NPHP1, 4, and 8; B9/MKS-JBTS; and septins ([@B10]; [@B22]; [@B38]; [@B8]; [@B17]; [@B43]). Third, some proteins are prevented from entering the cilium by linkage to the actin cytoskeleton ([@B14]).

Once inside the cilium, membrane proteins are guided along the ciliary axoneme by association with the intraflagellar transport complexes IFT-A and IFT-B ([@B40]). This linkage to the microtubule axoneme may also act to selectively retain specific membrane proteins in the cilium ([@B14]). Removal of membrane proteins from the cilium is likely controlled by endocytosis, as suggested by the association of clathrin with the base of cilia ([@B33]; [@B26]). Understanding the contributions of these mechanisms and the proteins involved at each step is critical to understanding regulation of cilium function.

We previously reported on the mouse tracheal epithelial cell (MTEC) culture system as a means to identify and study components of centrosome and cilium formation and function ([@B46]; [@B31]). Here we report on Rab-interacting lysosomal protein-like 2 (Rilpl2), which is up-regulated during differentiation of multi-ciliated cells, and its related protein Rab-interacting lysosomal protein-like 1 (Rilpl1). Rilpl1 and Rilpl2 are related to a known regulator of membrane traffic, Rab-interacting lysosomal protein (Rilp), a Rab7/Rab34 effector that interacts with dynein--dynactin to direct movement of late endosomes and lysosomes along microtubules ([@B24]). Rilpl1 and Rilpl2 do not affect lysosomal trafficking but may also be Rab effectors, as both interact with activated Rab34 and Rab36, and Rilpl1 in addition interacts with Rab12 and Rab40B ([@B47]; [@B15]; [@B32]). Although there is no reported function for Rilpl1, Rilpl2 affects membrane and cytoskeletal dynamics in dendritic spines of hippocampal neurons through an interaction with MyoVa ([@B29]).

Here we identify Rilpl1 and Rilpl2 as novel centrosomal and ciliary proteins. Rilpl1 especially localizes to the distal end of the mother centriole of nonciliated cells, and both proteins localize to the primary cilium. Depletion of Rilpl1 and Rilpl2 leads to accumulation of signaling proteins in the cilium and prevents proper epithelial cell organization in three-dimensional culture. These results suggest that the Rilp-like proteins Rilpl1 and Rilpl2 regulate the protein content of the primary cilium.

RESULTS
=======

Rilpl2 is up-regulated during differentiation of multiciliated cells
--------------------------------------------------------------------

To identify novel proteins involved in ciliary trafficking, we used a previously described in vitro system recapitulating differentiation of MTECs ([@B48]; [@B46]). This MTEC culture system was used to profile genes specifically up-regulated in multiciliated cells versus neighboring nonmulticiliated cells ([@B31]; [@B31]). We identified Rilpl2 as up-regulated 9.7-fold (*p* \< 0.05) during the early stage of multiciliated cell differentiation but not significantly up-regulated during the later stage of differentiation. Murine Rilpl2 is 197 amino acids (aa) with two predicted coiled-coil domains (aa 62--95 and 125--149; Marcoil). Rilpl2 is a member of a three-protein family in vertebrates defined by two regions of high sequence similarity, the RH1 (aa 31--66) and RH2 (aa 122--148) domains ([@B47]; [Figure 1A](#F1){ref-type="fig"}). The related protein Rilpl1 was not significantly up-regulated in the ciliated cell transcriptome at either the early or late time points. The remaining family member, Rilp, was not present on the microarray used, and thus its relative expression is unknown.

![Rilpl2 is up-regulated during ciliogenesis. (A) Schematic diagram comparing Rab-interacting lysosomal protein family members. RH1 and RH2 domains are regions of high sequence similarity. Solid lines represent predicted coiled-coil domains. Dashed lines mark the region specifying the lysosomal function of Rilp, the region of Rilpl2 that interacts with MyoVa, and the region specific to Rilpl1 and Rilpl2 (LD). (B) Immunofluorescence images of the apical surface of MTEC cultures labeled with antibodies for Rilpl2 (green) and the centrosome and cilium markers acTub or pericentrin (red). Images to the right are zoomed in on Rilpl2-expressing cells. Bars, 10 μm. (C) Immunofluorescence image of the apical surface of an MTEC culture (ALI \>12 d) labeled with antibodies for Rilpl1 (green) and γ-tubulin (red). Images to the right are zoomed in on Rilpl1-expressing cells. Bar, 10 μm.](453fig1){#F1}

To confirm microarray expression data at the protein level, we analyzed Rilp-like protein expression in MTEC cultures by immunofluorescence. We generated a polyclonal rabbit antibody directed against full-length murine Rilpl2 protein. The antibody recognizes Rilpl1 and Rilpl2 by Western blot and Rilpl2 alone by immunofluorescence (Supplemental Figure S1, B and D). This antibody was used to detect endogenous Rilpl2 expression in differentiating MTEC cultures. These cultures contain multiciliated cells at different stages of differentiation, from basal body amplification to maturely ciliated, as well as cells of nonmulticiliated cell lineages ([Figure 1, B and C](#F1){ref-type="fig"}, pericentrin, acTub, and γ-tubulin). Endogenous Rilpl2 expression is observed specifically at the apical surface of a subset of cells in MTEC cultures ([Figure 1B](#F1){ref-type="fig"}). The cells expressing Rilpl2 also have multiple basal bodies ([Figure 1B](#F1){ref-type="fig"}, pericentrin) and multiple cilia ([Figure 1B](#F1){ref-type="fig"}, acTub), suggesting that Rilpl2 is up-regulated in cells of the multiciliated cell lineage. Of interest, Rilpl2 expression is detected in multiciliated cells with clustered basal bodies and fewer, shorter cilia ([Figure 1B](#F1){ref-type="fig"}, right). These features are characteristic of immature multiciliated cells ([@B46]). Therefore these data are consistent with the microarray expression data that Rilpl2 is specifically up-regulated in the early stages of multiciliated cell differentiation but not in maturely ciliated cells. In contrast, Rilpl1 is not up-regulated in multiciliated cells but is found at one of the two γ-tubulin foci per cell in neighboring nonmulticiliated cells, as assessed with a rabbit polyclonal antibody directed against a sequence unique to Rilpl1 ([Figure 1C](#F1){ref-type="fig"} and Supplemental Figure S1, A and C). These data are consistent with the microarray expression data and also suggest that Rilpl1 has a centrosomal or ciliary function in nonmulticiliated cells.

Rilp-like proteins localize to the centrosome and primary cilium
----------------------------------------------------------------

To investigate centrosomal and ciliary functions of Rilpl1 and Rilpl2, we examined their localization in NIH 3T3 and IMCD3 cells, two mouse cell lines that form a primary cilium under serum-starvation conditions. Both Rilpl1 and Rilpl2 localized to primary cilia, as marked by polyglutamylated tubulin labeling of the axoneme ([Figure 2, A and B](#F2){ref-type="fig"}). In nonciliated cells, Rilpl2 also localized to the centrosome in a small fraction of cells (\<5%). Rilpl2 localization was not specific for a particular subdomain of the centrosome ([Figure 2A](#F2){ref-type="fig"}). In agreement with localization in MTEC cultures, Rilpl1 localized to one of two γ-tubulin foci in NIH 3T3 cells ([Figure 2B](#F2){ref-type="fig"}). We also generated IMCD3 cell lines stably expressing Rilpl1 or Rilpl2 with a localization and affinity purification (LAP) tag. Both proteins localized to the centrosome and cilium at similar frequencies to endogenous protein, with additional cytoplasmic localization ([Figure 2C](#F2){ref-type="fig"}). Further, endogenous Rilpl1 colocalized with Rilpl2-LAP to primary cilia ([Figure 2D](#F2){ref-type="fig"}). In contrast to the localization of Rilpl1 and Rilpl2, green fluorescent protein (GFP)--tagged Rilp did not localize to cilia or centrosomes but to perinuclear lysosomal structures, as previously reported ([@B6]; Supplemental Figures S1, C and D, and 3F). These data suggest that Rilpl1 and Rilpl2 function, at least in part, at the centrosome and cilium.

![Rilp-like proteins localize to the centrosome and primary cilium. (A) IMCD3 cells were fixed and stained for endogenous Rilpl2 (green), polyglutamylated tubulin (pgTub, red), and DNA (DAPI, blue). Bottom, cells were serum starved. Bars, 10 μm. (B) NIH 3T3 cells were fixed and stained for endogenous Rilpl1 (green), pgTub (red), and DNA (DAPI, blue). Top, cells were serum starved. Bars, 10 μm. Note that Rilpl1 localizes to one of the two γ-tubulin spots. (C) Serum-starved IMCD3 cells stably expressing LAP-Rilpl1 or Rilpl2-LAP were fixed and stained for GFP (Rilpl1/Rilpl2, green), centrioles or cilia (centrin, acTub, pgTub; red), and DNA (DAPI, blue). Bars, 10 μm. (D) IMCD3 FlpIN cells stably expressing Rilpl2-LAP were serum starved, fixed, and stained for GFP (Rilpl2, green), endogenous Rilpl1 (red), and DNA (DAPI, blue). Bar, 10 μm. (E) N2A cells were transfected with LAP-Rilpl1, fixed, and stained for LAP-Rilpl1 (GFP, green), γ-tubulin (blue), and the distal appendage protein Cep164 (red). Images are maximum projections of image stacks obtained by deconvolution microscopy. LAP-Rilpl1 localizes to the distal end of the mother centriole. Bars, 0.5 μm. (F) An asynchronous population of NIH 3T3 cells expressing Rilpl1-LAP was fixed and stained for Rilpl1-LAP (GFP, green), centrin (red), and DNA (DAPI, blue). Rilpl1 is lost at the mother centriole in early mitosis, but asymmetric distribution returns at telophase. Bars, 10 μm. Insets are enlarged images of centrosome/cilium regions.](453fig2){#F2}

Rilpl1 specifically localizes to the mother centriole
-----------------------------------------------------

The localization of Rilpl1 to only one of two γ-tubulin foci led us to investigate the nature of this asymmetric localization. In ciliating cells, the mother centriole becomes the basal body that nucleates the primary cilium. Appendage proteins located at the distal end of the mother centriole are important for cilium formation and function. To determine the suborganelle localization of Rilpl1 at the centrosome, we expressed LAP-Rilpl1 in mouse N2A cells, which were costained for γ-tubulin and Cep164, a distal appendage protein. Deconvolution microscopy showed that Rilpl1 localized to the mother centriole, marked by Cep164 ([Figure 2E](#F2){ref-type="fig"}). Further, it was distal to Cep164 along the centriole, based on the relationship to γ-tubulin. These data demonstrate that Rilpl1 is a distal, mother centriole--specific protein.

The primary cilium forms in G1 of the cell cycle, is disassembled before mitosis, and re-forms in G1 ([@B23]). The timing of Rilpl1 localization to the mother centriole was examined during cell cycle progression of Rilpl1-LAP NIH 3T3 cells ([Figure 2F](#F2){ref-type="fig"}). During G1, Rilpl1 localizes to a focus at one centriole in ∼70% of cells. After centriole duplication, S/G2, Rilpl1 localizes to only one of four centrioles. At prophase, Rilpl1 remains localized to only one centriole. By metaphase and through anaphase, Rilpl1 no longer localizes to either centrosome at the spindle poles. At telophase/cytokinesis, Rilpl1 is in one focus at the centrosomes of each new daughter cell. This demonstrates that Rilpl1 localization to the mother centriole is cell cycle dependent, and the timing of its localization is consistent with a role in cilium formation or function.

The related C-terminal domains of Rilpl1 and Rilpl2 are necessary and sufficient for centrosomal localization
-------------------------------------------------------------------------------------------------------------

To identify the region of the Rilp-like proteins responsible for localization to the centrosome, we generated constructs in which either the C-terminus (ΔC) or N-terminus (ΔN) of each protein was deleted. The Rilpl2 constructs were identical to those used in a previous study (ΔC, aa 1--113; ΔN, aa 114--197; [@B29]). Sequence alignment was used to divide Rilpl1 at positions equivalent to those in Rilpl2 (ΔC, aa 1--288; ΔN, aa 289--406). The ΔC construct of both proteins contains the RH1 domain and in Rilpl2 the MyoVa interaction domain ([@B29]). The ΔN construct of both proteins contains the RH2 domain and the Rab36 interaction domain ([Figure 1A](#F1){ref-type="fig"}; [@B32]). GFP-tagged deletion constructs were expressed in NIH 3T3 and IMCD3 cells and assessed for localization. ΔC-Rilpl1 and ΔC-Rilpl2 were both diffusely cytoplasmic, and ΔC-Rilpl2 also localized to the nucleus. In contrast, both ΔN-Rilpl1 and ΔN-Rilpl2 localized to the centrosome ([Figure 3, A and B](#F3){ref-type="fig"}). Very few cells expressing ΔN-Rilpl1 or ΔN-Rilpl2 had cilia (see later discussion), but both proteins were seen in the primary cilium ([Figure 3, A and B](#F3){ref-type="fig"}). Thus the C-termini of Rilpl1 and Rilpl2 are necessary and sufficient for centrosomal and ciliary localization.

![The C-terminal regions of Rilpl1 and Rilpl2 are necessary and sufficient for centrosomal localization. (A) NIH 3T3 cells were transfected with GFP-ΔC-Rilpl2 or GFP-ΔN-Rilpl2, fixed, and stained for GFP (green), acTub or centrin (red), and DNA (DAPI, blue). Top and bottom, cells were serum starved. ΔN-Rilpl2 is sufficient for centrosomal and ciliary localization. Bars, 10 μm. (B) NIH 3T3 (top and middle) or IMCD3 (bottom) cells were transfected with ΔC-Rilpl1-GFP or ΔN-Rilpl1-GFP, serum starved, fixed, and stained for GFP (green), centrin/pgTub (red), and DNA (DAPI, blue). ΔN-Rilpl1 is sufficient centrosomal and ciliary localization. Bars, 10 μm. (C) Cilium formation in IMCD3 cells transfected with GFP, Rilpl2-GFP (full-length), GFP-ΔC-Rilpl2, or GFP-ΔN-Rilpl2. Results shown are the mean of three independent experiments ± SEM (100 cells/experiment; \*\**p* \< 0.01). (D) Cilium formation in IMCD3 cells transfected with GFP, Rilpl1-GFP (full-length), ΔC-Rilpl1-GFP, or ΔN-Rilpl1-GFP. Results shown are the mean of three independent experiments ± SEM (100 cells/experiment; \*\**p* \< 0.01). (E) Amino acid sequence alignment of the 13--amino acid Rilp-like domain (LD) of Rilpl1 and Rilpl2 from several vertebrates and the Rilp homologue of invertebrates. Amino acid changes are noted in red. (F) IMCD3 cells were transfected with GFP-tagged Rilpl1, Rilpl1-deltaLD, Rilp, or Rilp-LD, fixed, and stained for GFP (green), γ-tubulin (red), and DNA (DAPI, blue). Bars, 10 μm. Insets are enlarged images of the centrosomal/ciliary regions. The average percentage of transfected cells with centrosomal localization of GFP-tagged protein from three independent experiments is noted to the right (100 cells/experiment; \*\**p* \< 0.01, *t* test).](453fig3){#F3}

Cells expressing the Rilpl1- and Rilpl2-deletion constructs were also assessed for phenotypes associated with overexpression. IMCD3 cells expressing ΔN-Rilpl2 had a lower frequency of ciliation compared with controls ([Figure 3, A and C](#F3){ref-type="fig"}): 19.7 ± 4.7% of ΔN-Rilpl2--expressing cells were ciliated compared with 45.3 ± 8.0% of cells expressing full length Rilpl2 or 47.7 ± 8.4% of cells expressing GFP ([Figure 3C](#F3){ref-type="fig"}). IMCD3 cells expressing ΔN-Rilpl1 also had a lower frequency of ciliation compared with controls: 2.7 ± 1.5% of ΔN-Rilpl1--expressing cells were ciliated compared with 20.3 ± 2.1% of cells expressing full-length Rilpl1 or 18.3 ± 3.2% of cells expressing GFP ([Figure 3D](#F3){ref-type="fig"}). These data suggest that the Rilp-like proteins have a ciliary function and that ΔN-Rilpl1 and ΔN-Rilpl2 may dominantly interfere with a function critical to cilium formation.

In addition to the RH1 and RH2 domains shared among the Rilp-family proteins, Rilpl1 and Rilpl2 contain a third region of high sequence homology that is absent from Rilp. This 13--amino acid sequence is directly upstream of the RH2 domain (Rilpl1, aa 291--303; Rilpl2, aa 116--128; [Figure 1A](#F1){ref-type="fig"}). The amino acid sequence is highly conserved between Rilpl1 and Rilpl2 in vertebrates ([Figure 3E](#F3){ref-type="fig"}). To determine whether this conserved 13--amino acid Rilp-like domain (LD) is important for directing centrosomal localization, we removed the LD from Rilpl1 and inserted it into an equivalent position in Rilp. These GFP-tagged domain-swap constructs were expressed in IMCD3 cells ([Figure 3F](#F3){ref-type="fig"}). Centrosome localization was scored as positive if GFP-tagged protein was within one γ-tubulin radius of the centrosome. As previously observed, Rilpl1-GFP localized to the centrosome in 69.7 ± 10.5% of transfected cells. In contrast, Rilpl1-ΔLD localized with the centrosome in only 1.3 ± 0.6% of transfected cells, indicating that the LD sequence is necessary for centrosome localization (*p* \< 0.01, *t* test). In the case of Rilp-LD, overexpression resulted in the aggregation of lysosomes in the perinuclear region, as previously reported for Rilp ([@B6]) and consistent with retention of the 62--amino acid domain responsible for the lysosomal function of Rilp in the Rilp-LD construct ([@B47]). To assess centrosomal localization independent of lysosome aggregation, we only evaluated localization in Rilp-GFP and Rilp-LD-GFP cells in which the large lysosome cluster was well-separated from the centrosome. Rilp-GFP localized with the centrosome in 11.3 ± 3.5% of transfected cells. In contrast, the Rilp-LD protein localized with the centrosome in 64.7 ± 7.5% of cells ([Figure 3F](#F3){ref-type="fig"}). These data suggest that the LD sequence is sufficient for centrosome localization in the context of the Rilp protein backbone (*p* \< 0.01, *t* test) but is not dominant over the lysosomal function of Rilp.

Rilpl2 ciliary localization is dynamic
--------------------------------------

Localization of Rilpl1 and Rilpl2 to only a subset of primary cilia suggested that they are not structural components of cilia but may be transiently localized as a part of their function. To determine the dynamics of ciliary localization of Rilp-like proteins, we assessed the localization of Rilpl2-LAP in live IMCD3 cells also expressing tdTomato-Inversin, a marker of the proximal end of the cilium. Cells were subconfluent for optimal imaging and serum starved to enhance ciliogenesis. At each time point, images in several focal planes were acquired, and *z*-slices with the cilium in focus were assembled into a time-lapse movie. [Figure 4A](#F4){ref-type="fig"} (Supplemental Movie S1) shows a single primary cilium imaged over 90 min. Rilpl2-LAP is initially absent from the cilium, and then enters, exits, and reenters at 44 min and remains until the end of imaging.

![Rilpl2 ciliary localization is dynamic. (A) IMCD3 cells expressing Rilpl2-LAP (green) and tdTom-Inv (proximal cilium, red) were imaged for 90 min under serum starvation conditions. Images shown were taken at the marked time points after the start of imaging, keeping the primary cilium in focus. Note the absence of Rilpl2-LAP from the cilium at *t* = 0, its appearance at *t* = 9 min, and its presence from *t* = 44 min until the end of imaging (*t* = 90 min). Still frames from Supplemental Movie S1. Bar, 2 μm (B) Rilpl2-LAP tubulovesicular structure in a live IMCD3 cell. Still frame from Supplemental Movie S2. Bar, 10 μm (C) IMCD3 cells expressing Rilpl2-LAP were serum starved, fixed, and stained for Rilpl2-LAP (GFP, green), pgTub (red), and DNA (DAPI, blue). Image is a maximum projection of a *z*-stack obtained by deconvolution microscopy. Bar, 5 μm (D) Serum-starved IMCD3 cell expressing Rilpl2-LAP (green) and tdTom-Inv (proximal cilium, red) was imaged for 90 min. Images shown are from the marked time points. Note the tubulovesicular structure at the base of the cilium. Still frames from Supplemental Movie S3. Bar, 1 μm.](453fig4){#F4}

While imaging Rilpl2-LAP in live cells, we observed that Rilpl2 occasionally forms dynamic tubule structures. To examine these Rilpl2-LAP tubules more closely, we used spinning-disk confocal microscopy to collect *z*-stacks of live cells every ∼15 s. Supplemental Movie S2 ([Figure 4B](#F4){ref-type="fig"}) follows a single Rilpl2-LAP--expressing cell over ∼5 min, showing a dynamic tubulovesicular structure. Similar cytoplasmic tubules have been observed to be formed by Rab8, a known component of ciliary membrane trafficking machinery ([@B20]). These Rab8 tubules are dependent on microtubule and actin dynamics. To determine whether Rilpl2 tubules are also dependent on cytoskeletal dynamics, we treated Rilpl2-LAP--expressing IMCD3 cells with cytochalasin D (1 μM) or vehicle (dimethyl sulfoxide \[DMSO\]) for 30 min to disrupt the actin cytoskeleton. The frequency of cells containing Rilpl2-LAP tubules was significantly higher in cytochalasin D--treated cells (6.4 ± 0.5% vs. 2.2 ± 0.6%, *p* \< 0.01, *t* test) (Supplemental Figure S2). In contrast, when the same cells were treated with nocodazole to disrupt the microtubule network before cytochalasin D treatment there was a significant decrease in tubule formation (0.7 ± 0.3%, *p* \< 0.01, *t* test). These data suggest that formation of the Rilp-like tubules is dependent on microtubule and actin dynamics. In fixed cells, some of the Rilpl2-positive tubule structures were associated with the primary cilium ([Figure 4C](#F4){ref-type="fig"}), and time-lapse microscopy was used to assess this association in more detail. [Figure 4D](#F4){ref-type="fig"} (Supplemental Movie S3) shows a 40-min sequence focusing on the base of a primary cilium, acquired using wide-field microscopy as described for [Figure 4A](#F4){ref-type="fig"}. Rilpl2 is present in the cilium at the start of imaging and then appears to form a dynamic tubulovesicular structure from the base of the cilium. These data are consistent with Rilpl2 involvement in ciliary membrane dynamics.

Rilp-like proteins are required for epithelial cell organization
----------------------------------------------------------------

To test whether Rilpl1 and Rilpl2 are required for cilium formation or function, we generated short hairpin RNA (shRNA) constructs directed against unique regions of each protein. These shRNA constructs were introduced into IMCD3 cells by lentiviral infection. Western blot analysis of lysate from these cells shows that the shRNAs successfully deplete Rilpl1 and Rilpl2 ([Figure 5A](#F5){ref-type="fig"}). We created IMCD3 stable cell lines depleted of Rilpl1 or Rilpl2 individually or together. Cells depleted of either or both of the Rilp-like proteins were indistinguishable from control cells for centriole duplication and cilium formation (Supplemental Figure S3).

![Loss of Rilp-like proteins prevents spheroid formation. (A) Rilpl1 and Rilpl2 depleted individually or together from IMCD3 cells by lentiviral expression of shRNAs. Lysates were probed for Rilpl1, Rilpl2, and p38 as a loading control. Numbers to the left are molecular weights in kilodaltons. (B) Representative images of cell clusters from control and Rilpl1/Rilpl2--depleted IMCD3 cells grown in Matrigel, fixed, and stained for nuclei (DAPI, blue), apical junctions (ZO-1, green), cilia (acTub, red), and basolateral surfaces (β-catenin, purple). Bars, 10 μm. (C) Quantification of the frequency of spheroid formation of IMCD3 cells depleted of the indicated Rilp-like protein(s) normalized to the frequency of spheroid formation of control cells. Results shown are the mean of three independent experiments ± SEM (200 cells/experiment, \**p* \< 0.05, \*\**p* \< 0.01, *t* test).](453fig5){#F5}

We examined cells depleted of Rilp-like proteins for evidence of cilium dysfunction. The formation of epithelial spheroids is sensitive to cilium function and has been used as an assay to reveal ciliary defects ([@B10]; [@B38]; [@B43]). IMCD3 cells form spheroids when grown in three-dimensional culture, progressing from unorganized clusters of cells to organized spheroids with basal surfaces facing outward and apical domains facing inward. Primary cilia project from the apical surfaces into the spheroid lumen. Defects in spheroid formation are seen with loss of some ciliary proteins that are required for cilia function but not ciliogenesis ([@B10]; [@B38]; [@B43]). To determine whether Rilpl1 and Rilpl2 are required for spheroid formation, IMCD3 cells depleted of these proteins were grown in Matrigel and stained for cilia and markers of polarization. To control for the effect of lentiviral infection on spheroid formation, control cells were mock infected with lentivirus containing empty shRNA vectors. Clusters of cells were examined for proper organization of apical and basal surfaces (ZO-1 and β-catenin), presence of a lumen, and orientation of cilia (acetylated tubulin). Clusters that lacked a hollow lumen, had multiple lumens, or had ZO-1 staining outside of a central ring (the apical surface of a proper spheroid) were scored as defective. Depletion of Rilpl1 and/or Rilpl2 resulted in the decreased frequency of proper spheroid formation relative to control cells, with a slightly stronger defect observed in the double-depleted cells ([Figure 5, B and C](#F5){ref-type="fig"}). The defects observed were the lack of a hollow lumen, ZO-1 staining outside of a central ring, and misoriented cilia ([Figure 5B](#F5){ref-type="fig"}). We did not observe clusters with multiple lumens. The same cell lines depleted of Rilpl1 and/or Rilpl2 when grown on Transwell filters did not display defects in polarization (Supplemental Figure S3). These data suggest that Rilpl1 and Rilpl2 are important for epithelial cell organization in three-dimensional culture, consistent with a function at the primary cilium.

Rilp-like proteins regulate ciliary protein content
---------------------------------------------------

To determine whether Rilpl1 and Rilpl2 regulate ciliary membrane protein transport, we examined the effect of their depletion on the localization of signaling proteins to the primary cilium membrane. First, we infected IMCD3 cells stably expressing GFP fused to the membrane-anchoring and ciliary-targeting sequence domain of fibrocystin (PKHD^CTS^-GFP) with lentivirus containing empty vectors or shRNA against Rilpl1 and/or Rilpl2 and then serum starved them to induce ciliation ([Figure 6A](#F6){ref-type="fig"}). The percentage of PKHD^CTS^-GFP--positive cilia in cells depleted of Rilpl1 (67.7 ± 7.5%), Rilpl2 (71 ± 5.2%), or both (74.7 ± 6.33%) was significantly higher than in control cells (60.0 ± 13.2%; *p* \< 0.01, χ^2^ on pooled data; [Figure 6, A and B](#F6){ref-type="fig"}). We confirmed this result with another marker of the cilium membrane, GFP fused to the full-length serotonin receptor 5-HT6 (5-HT6-GFP). In this case, the fraction of 5-HT6-GFP--positive cilia was similar in control and Rilp-like--depleted cells; however, the intensity of ciliary 5-HT6-GFP signal in Rilpl1-, Rilpl2-, or Rilpl1/Rilpl2--depleted cells was significantly higher than that in control cells (26.76 ± 15.83, 27.57 ± 19.77, and 27.71 ± 16.80 vs. 20.94 ± 13.86, respectively; *p* \< 0.01, *t* test; [Figure 6, C and D](#F6){ref-type="fig"}). Thus, for both 5-HT6-GFP and PKHD^CTS^-GFP, depletion of Rilpl1 and Rilpl2 alone or together led to a significant increase of signaling protein in the cilium, suggesting that the Rilp-like proteins are involved in removal of membrane proteins from the cilium.

![Loss of Rilp-like proteins increases signaling proteins in the primary cilium. (A) Representative images of control and Rilpl1/Rilpl2--depleted IMCD3 cells serum starved, fixed, and stained for PKHD^CTS^-GFP (green), acTub (red), and DNA (DAPI, blue). Bars, 10 μm. (B) Quantification of frequency of PKHD^CTS^-GFP positive cilia in IMCD3 cells depleted of the indicated protein(s) normalized to control frequency. Results shown are the mean of three independent experiments ± SEM (200 cells/experiment, \*\**p* \< 0.01, χ^2^ on pooled data). (C) Representative images of control and Rilpl1/Rilpl2 depleted IMCD3 cells serum starved, fixed, and stained for 5-HT6-GFP (green), acTub (red), and DNA (DAPI, blue). Bars, 10 μm. (D) Quantification of 5-HT6-GFP in cilia (fluorescence intensity/micrometer). Results shown are the mean of cilia from 20 random fields of cells for each of three independent experiments ± SEM (*n* = 124, 89, 67, 106, respectively; \*\**p* \< 0.01, *t* test).](453fig6){#F6}

The 5-HT6-GFP and PKHD^CTS^-GFP proteins just described are overexpressed and constitutively localize to the primary cilium, and it is possible that any trafficking defect is dampened by a saturation effect ([@B30]). We circumvented these limitations by examining Smoothened (Smo), a Hedgehog-pathway protein that accumulates in primary cilia in a regulated manner. When the pathway is off, Smo does not accumulate in the primary cilium, although evidence suggests that Smo does traffic through the cilium in this state ([@B27]; [@B36]). In the presence of the natural ligand Shh or the Smo agonist SAG, the pathway is activated and Smo accumulates in the cilium. To determine whether Rilpl1 and Rilpl2 also affect regulated ciliary accumulation of endogenous Smo, we used shRNA to deplete both proteins from Hedgehog-responsive mouse embryonic fibroblasts (MEFs; [Figure 7A](#F7){ref-type="fig"}). In ciliated MEFs treated with SAG (Hedgehog pathway on), the percentage of Smo-positive cilia in control MEFs was not significantly different from that in MEFs depleted of Rilpl1 and Rilpl2 ([Figure 7, B and C](#F7){ref-type="fig"}). However, in ciliated MEFs not treated with SAG (Hedgehog pathway off) the percentage of Smo-positive cilia in Rilpl1/Rilpl2--depleted cells was 2.25 ± 0.44--fold greater than that of control cells ([Figure 7, D and E](#F7){ref-type="fig"}). Cells depleted of Rilpl1 alone also had more Smo-positive cilia (1.7 ± 0.79--fold increase) but did not reach statistical significance. The increase in the basal amount of Smo in cilia strongly suggests that Rilp-like proteins control removal of ciliary membrane proteins.

![Loss of Rilp-like proteins increases basal level of Smo in cilia. (A) Rilpl1 and Rilpl2 were depleted individually or together from MEFs by lentiviral expression of shRNAs. Lysates were probed for Rilpl1, Rilpl2, and p38 as a loading control. Numbers to the left are molecular weights in kilodaltons. Protein loaded: 150 μg (top) or 500 μg (bottom). Note that Rilpl2 expression is below detectable levels in all samples. (B) Representative immunofluorescence images of control and Rilpl1/Rilpl2--depleted MEFs serum starved, treated with 100 nM SAG for 24 h, fixed, and stained for Smo (green), pgTub (red), and DNA (DAPI, blue). Bars, 10 μm. (C) Quantification of the frequency of Smo-positive cilia in SAG-treated MEFs depleted of the indicated proteins relative to control cells. Results shown are the mean of three independent experiments ± SEM (200 cells/experiment). (D) Representative immunofluorescence images of control and Rilpl1/Rilpl2 MEFs serum starved, treated with vehicle, fixed, and stained for Smo (green), pgTub (red), and DNA (DAPI, blue). Individual cilia from each image are highlighted to the right. Bars, 10 μm. (E) Quantification of the frequency of Smo-positive cilia in MEFs depleted of the indicated proteins relative to control cells. Results shown are the mean of three independent experiments ± SEM (200 cells/experiment, \*\**p* \< 0.01, *t* test).](453fig7){#F7}

DISCUSSION
==========

The Rilp-like proteins Rilpl1 and Rilpl2 share two regions of high sequence homology with Rilp, but unlike Rilp, they do not function in lysosomal trafficking ([@B47]). We showed that Rilpl1 and Rilpl2 localize to the primary cilium and centrosome and that the localization to the cilium is characterized by dynamic entry and exit and by formation of a tubulovesicular structure at the base of the cilium. Depletion of Rilpl1 and Rilpl2 increases the concentration of signaling proteins in the ciliary membrane and prevents proper epithelial cell organization. These results suggest that the Rilp-like proteins Rilpl1 and Rilpl2 regulate the protein content of the primary cilium.

We found that depletion of Rilpl1 and Rilpl2 increased the concentration of Smo in the ciliary membrane in unstimulated cells. This suggests that in the absence of these proteins, the balance of trafficking of Smo is shifted toward retention in the cilium and, more generally, that the Rilp-like proteins are involved in the removal of proteins from the ciliary membrane ([Figure 8](#F8){ref-type="fig"}). This phenotype is similar to that reported in cells with disrupted retrograde ciliary transport ([@B27]; [@B36]). This putative function is further supported by the Rilp-like protein tubulovesicular structures observed forming at the base of the primary cilium in live and fixed cells ([Figure 4](#F4){ref-type="fig"}). These structures might represent membrane invaginations resulting from endocytic events. Endocytosis is known to occur at the base of the primary cilium in mammalian cells and trypanosomatids ([@B5]; [@B11]; [@B1]; [@B12]; [@B33]; [@B41]; [@B42]). The ciliary pocket has been the focus of much of this work, although clathrin-mediated endocytosis components have also been observed at the base of cilia and flagella lacking morphologically identifiable pockets ([@B33]; [@B26]). The Rilp protein has been shown to promote the formation of membrane tubules from phagosomes for fusion with late endosomes/lysosomes ([@B18]). This tubulation represents a connection between the phagosome membrane and the microtubule network provided by the interaction of Rilp with Rab proteins and the dynein/dynactin motor complex. Recently Rilpl1 and Rilpl2 were shown to directly interact with active Rab36, and, although the function of Rab36 is unclear, it is the most highly up-regulated Rab protein in our ciliated cell transcriptome ([@B49]), suggesting that it might have a ciliary function ([@B34]; [@B7]; [@B25]; [@B32]; [@B35]). Thus Rilp-like proteins may function in removing membrane proteins from the cilium and directing their distribution to endosomal compartments by bridging the ciliary membrane and cytoskeletal motors.

![Model of Rilp-like protein function. The data presented in this study fit two models for Rilp-like protein control of ciliary membrane content. 1) Protein removal: Rilp-like proteins may promote the removal of membrane and membrane proteins from the primary cilium. 2) Protein exclusion: Rilp-like proteins may prevent entry of membrane proteins into the cilium. Loss of the Rilp-like proteins increases the ciliary membrane protein concentration by either decreasing protein removal or increasing protein entry.](453fig8){#F8}

Although we favor the proposed model in which the Rilp-like proteins mediate endocytic removal of proteins from the ciliary membrane, we cannot rule out the possibility that they work instead by excluding proteins from the cilium ([Figure 8](#F8){ref-type="fig"}). For example, Rilp-like proteins could function similarly to NHERF, which has been shown to link podocalyxin to the actin cytoskeleton, thereby holding it outside of the periciliary membrane domain and the cilium, consistent with Rilpl2's known interaction with MyoVa ([@B14]). It is unlikely, however, that Rilp-like proteins are gatekeepers or part of a diffusion barrier at the cilium like the septin, NPHP, or MKS-JBTS diffusion barriers ([@B22]; [@B8]; [@B17]; [@B43]). In the absence of these components, membrane proteins normally localized to the cilium are present at lower levels, the opposite of what we observe with depletion of Rilp-like proteins.

Although we initially identified Rilpl2 by its transcriptional up-regulation during ciliogenesis, we found that in many respects Rilpl1 and Rilpl2 are similar to each other and distinct from the defining family member Rilp. Rilpl1 and Rilpl2 are more closely related to each other than to Rilp, and the proteins share a 13--amino acid sequence just upstream of the RH2 domain that is absent from Rilp. We showed that this short sequence is necessary and sufficient for centrosomal localization of the Rilp family proteins. Next, both Rilpl1 and Rilpl2 interact with active Rab34 and Rab36 but not Rab7, whereas Rilp interacts with all three ([@B32]). Finally, Rilpl1 and Rilpl2 are both cytoplasmic and membrane associated, whereas Rilp is strictly associated with the membrane ([@B47]).

The genes for Rilpl1 and Rilpl2 are adjacent to each other in both mammalian and *Xenopus* genomes, separated by one gene, suggesting that a gene duplication event occurred early in vertebrate evolution. The maintenance of both genes after the duplication is consistent with a divergence in function or with a divergence of regulation. Consistent with this latter possibility, the genes are differentially expressed in different tissues and cell types ([@B47]). We found that Rilpl1, unlike Rilpl2, is not transcriptionally up-regulated in multiciliated cells but is localized to the centrosome in neighboring nonmulticiliated cells (see [Figure 1C](#F1){ref-type="fig"}), and we also found differences in relative expression in different cell lines (see [Figures 5A](#F5){ref-type="fig"} and [7A](#F7){ref-type="fig"}). There are, however, some indications that Rilpl1 and Rilpl2 differ in more than their expression. Rilpl1 contains a large 175-aa protein sequence between the RH1 and RH2 domains that is absent from Rilpl2. Also, although both proteins localized to a subset of cilia and centrosomes, Rilpl1 specifically localized to the distal end of the mother centriole, whereas Rilpl2 had no specific suborganelle localization ([Figure 2, A--C](#F2){ref-type="fig"}). Despite these differences, analysis of cells depleted of Rilpl1 and/or Rilpl2 suggests they may have redundant function. In both spheroid formation and smoothened translocation assays, depletion of both proteins gave a more significant phenotype than depletion of either protein individually. Our results suggest that the main differences between these proteins relate to their expression, but more work will be needed to precisely define the relationship between Rilpl1 and Rilpl2.

Rilpl2 was previously identified in a screen for proteins interacting with MyoVa. Rilpl2 controls cell shape and dendritic spine formation in neurons in a Rac1-dependent mechanism. The interaction of Rilpl2 with MyoVa occurs via the N-terminus of Rilpl2 ([@B29]). Our domain analysis demonstrated that this interaction is not required for Rilpl2's localization to the centrosome or cilium. However, expression of ΔN-Rilpl2 had a negative affect on ciliogenesis, as it did on dendritic spine formation, suggesting that the interaction with MyoVa might be important for the cilium function as well. Dendritic spines, like the primary cilium, are protrusions of the plasma membrane, and there might be mechanistic links between the two. Several of the proteins involved in dendritic spine formation also have connections to ciliary function; MyoVa itself is associated with the recycling endosome and interacts with Rab11, both of which are involved with the ciliary membrane ([@B9]). As with almost all membrane-associated process, the actin cytoskeleton is an important factor in ciliogenesis and in dendritic spine formation and might be the link between the functions of Rilp-like proteins in these two processes ([@B44]; [@B4]; [@B16]; [@B28]; [@B33]).

MATERIALS AND METHODS
=====================

Plasmids
--------

Full-length cDNA clones of mouse Rilp, Rilpl1, and Rilpl2 were obtained from Open Biosystems (Huntsville, AL; clones 40126069, 6403995, 3156139, respectively). The open reading frame (ORF) of each protein was amplified by PCR and cloned into pDONR221 (pTS1950) using Gateway technology (Invitrogen, Carlsbad, CA), creating pTS2124, pTS2125, and pTS2034 without stop codons for C-terminal tags and pTS3043, pTS2601, and pTS2050 with stop codons for N-terminal tags. C-terminal GFP-tagged constructs were created by Gateway cloning into pDEST 47 (pTS1953; Invitrogen), making Rilp-GFP (pTS2128), Rilpl1-GFP (pTS2129), and Rilpl2-GFP (pTS2041). For creation of Rilpl2-LAP (-S-Prescission-eGFP; pTS2049) pTS2034 was Gateway cloned into pTS1937 provided by M. Nachury (Stanford University, Stanford, CA). To create LAP, (eGFP-Prescission-Strep-HA)-Rilpl1 (pTS2607) pTS2601 was Gateway cloned into pTS2497. To create a lentiviral transfer vector with Rilpl1-LAP (pTS2921), pTS2125 was cloned into pTS1954, pLenti6.2 DEST eGFP-LAP provided by M. Nachury, using Gateway technology.

For Rilpl1- and Rilpl2-deletion constructs, the codons for the indicated amino acid sequences were amplified from full-length constructs and cloned into pDONR221 using Gateway technology. ΔC-Rilpl1 (aa 1--288, pTS2533 and pTS2534), ΔN-Rilpl1 (aa 289--406, pTS2535 and pTS2536), ΔC-Rilpl2 (aa 1--113, pTS2227 \[stop\]), ΔN-Rilpl2 (aa 114--197, pTS2229 \[stop\]). C-terminal GFP-tagged deletion constructs of Rilpl1 (pTS2550 and pTS2552) were made by Gateway cloning into pTS1953 (pDest 47, Invitrogen). N-terminal GFP-tagged deletion constructs of Rilpl2 (pTS2228 and pTS2230) were made by Gateway cloning into pTS1951 (pDest 53; Invitrogen). The Rilp-LD construct was generated by swapping the coding sequence for the LD (DPNRPRFTLQELR) from human Rilpl2 into the equivalent position upstream of the RH2 domain in mouse Rilp by overlap PCR (pTS3042). The Rilpl1-ΔLD construct was generated by removing the coding sequence for the LD from mouse Rilpl1 by overlap PCR (pTS3040). Gateway cloning into pTS1953 generated C-terminally GFP-tagged constructs (pTS3048 and pTS3049).

For bacterial expression of Rilpl1 and Rilpl2, glutathione *S*-transferase (GST)--Rilpl2 and GST-Rilpl1 were created by Gateway cloning of pTS2050 and pTS2601 into pDest15 (pTS1952; Invitrogen) to create pTS3052 and pTS2290. Histidine (His)-tagged Rilpl1 and Rilpl2 were created by PCR amplifying the ORF of Rilpl1 or Rilpl2 and cloning by restriction enzyme digest and ligation into pET28aFA (pTS1668) provided by the G. Fang (Stanford University, Stanford, CA).

For shRNA lentivirus constructs, 19-mer shRNAs targeting mouse Rilpl1 and Rilpl2 were chosen: Rilpl1_1 (gacgaggctaatgaagatc) and Rilpl2_4 (cgccttgactgatatttga). shRNA oligos were designed using pSicoOligomaker 1.5. Oligos were annealed and cloned into pSicoR-puro (Ventura *et al*., 2004; pTS1613) for Rilpl2 (pTS2427) or pLentiRFP3.7 (pLentiLox3.7 with GFP replaced by mRFP, pTS1770) for Rilpl1 (pTS2501).

Cell culture and transfection
-----------------------------

NIH 3T3, MEF, and HEK 293T cells were grown in DMEM (Cellgro, Manassas, VA) with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA). IMCD3 cells were grown in DMEM/F12 (Cellgro) with 10% FBS. N2A cells were grown in DMEM/OptiMEM 1:1 with 5% FBS. MTECs were cultured as previously described ([@B46]). Cells were maintained at 37°C with 5% CO~2~. To induce ciliation in IMCD3, 3T3, and MEF cells, the medium was switched to serum starvation medium containing 0.5% FBS for 16--24 h. IMCD3 cell lines stably expressing PKHD^CTS^-GFP or 5-HT6-GFP were obtained from M. Nachury (Stanford University).

Transfection of all cells, except for virus generation and antibody testing, was performed using the recommended protocol of either Lipofectamine2000 or LipofectamineLTX (Invitrogen). Briefly cells were grown to ∼80% confluence, Lipofectamine--DNA mixture was added for 4--8 h, and expression of proteins was assayed 24--48 h after transfection. HEK 293T cells were transfected by calcium phosphate precipitation.

IMCD3 cell lines expressing Rilpl2-LAP or LAP-Rilpl1 were generated as follows. IMCD3 FlpIN cells (M. Nachury) were transfected with the FlpIN-compatible vector containing Rilpl2-LAP or LAP-Rilpl1 along with a vector encoding Flp recombinase (pOG44, pTS2064) at a ratio of 1:5 using Lipofectamine2000. Cells were transfected for 4--8 h, washed, and allowed to recover for 24 h before being selected with 150 μg/ml hygromycin B (Invitrogen). Pools of selected cells were seeded at a low density to allow for single-colony isolation. Several colonies were picked and screened for expression of the LAP-tagged protein by immunofluorescence and Western blot before proceeding. IMCD3 Rilpl2-LAP/tdTom-Inversin cells were generated by Lipofectamine transfection of pTS1641 into previously derived IMCD3 Rilpl2-LAP cells and selected for resistance to 450 μg/ml Geneticin (Invitrogen). NIH 3T3 cells stably expressing Rilpl1-LAP were generated by infecting cells with lentivirus containing an Rilpl1-LAP transfer vector, followed by fluorescence-activated cell sorting for enrichment.

For spheroid formation assays, IMCD3 cells were plated at 5000 cells/well in 2% FBS and 2% Matrigel (BD Biosciences, San Diego, CA) in eight-well chamber slides coated with Matrigel. Cells were grown for 6--8 d until spheroid formation was evident, replacing the medium every 4 d. For polarization of IMCD3 cells, cells were plated on Transwell-Clear permeable filters (Corning, Tewksbury, MA) and grown 7 d postconfluence, changing medium every 2 d.

Drug treatments
---------------

For disruption of the microtubule and actin cytoskeletons, IMCD3 cells stably expressing Rilpl2-LAP were grown to 80% confluence and serum starved for 24 h. Cells were then treated with 5 μg/ml nocodazole (US Biological, Swampscott, MA) or DMSO for 1 h. The medium was then changed to 5 μg/ml nocodazole plus 1 μM cytochalasin D (Sigma-Aldrich, St. Louis, MO), 5 μg/ml nocodazole plus DMSO, DMSO + 1 μM cytochalasin D, or DMSO alone for 30 min. Cells were then fixed and processed for imaging.

For smoothened translocation experiments, MEFs were grown to near confluence (80--100%) and switched to serum starvation medium for 24 h. The medium was changed again to serum starvation medium plus 100 nM SAG (Smoothened Agonist; EMD/Calbiochem, La Jolla, CA). At 24 h later cells were fixed and processed for imaging.

Lentivirus production and infection
-----------------------------------

Recombinant lentivirus was made by cotransfection of HEK 293T cells with packaging and envelope vectors (pCMVDR8.74 and pMD2.VSVG; Dull *et al*., 1998) and the appropriate transfer vector by calcium phosphate transfection. Medium was changed 6--8 h after transfection. Viral supernatant was harvested after another 48 h and titered on IMCD3 or MEF cells. For infection, 4 × 10^4^ cells were plated in 24-well tissue culture plates. The next day the medium was replaced with medium containing the appropriate lentivirus(es) each at a multiplicity of infection of 1. After 16--24 h of infection, cells were washed with fresh medium and infected for a second round. For long-term depletion in IMCD3 cells, cells infected with shRNA plasmids with puromycin resistance were selected with 1 μg/ml puromycin (InvivoGen, San Diego, CA). For depletion, MEF cells were assayed 7--8 d after initial infection, and IMCD3 cells were assayed 6 d after initial infection.

Antibodies
----------

Rabbit anti--mouse Rilpl2 antibody was made by immunizing rabbits with bacterially expressed GST-Rilpl2 (Cocalico Biologicals, Reamstown, PA). Rilp-like dual-affinity Rilpl1/Rilpl2 antibody was purified against His-Rilpl2 immobilized on nitrocellulose membrane (Bio-Rad, Hercules, CA). An Rilpl2 higher-specificity antibody was first incubated with His-Rilpl1 immobilized on nitrocellulose, and then spent serum was purified against His-Rilpl2 immobilized on nitrocellulose membrane. Specificity was determined by antibody blocking experiments. Rilp-like antibody recognized both Rilpl1 and Rilpl2 with high affinity by Western blot, whereas Rilpl2-specific antibody had higher affinity for Rilpl2 than Rilpl1 by Western blot. Both anti--Rilp-like and anti--Rilpl2 antibodies were specific for Rilpl2 by immunofluorescence. Rabbit anti--Rilp-like was used at 1.1 μg/ml for Western blot and 0.275--1.1 μg/ml for immunofluorescence. Rabbit anti-Rilpl2 was used at 0.08 μg/ml for Western blot and 0.04--0.08 μg/ml for immunofluorescence. For antibody preabsorption, rabbit anti--Rilp-like antibody was diluted to working concentration, 10× the molar amount of His-Rilpl1 was added, and the solution was mixed for 1 h at room temperature.

Affinity-purified rabbit anti--human Rilpl1 antibody was purchased from Sigma-Aldrich (HPA041314, peptide antigen, residues 82--169). Anti-Rilpl1 was diluted 1:500 to 1:1000 for immunofluorescence and 1:250 for Western blot. Rabbit anti-GFP antibody was generated and used as previously described ([@B19]). Additional antibodies used for immunofluorescence were mouse anti--α-tubulin (DM1α, Sigma-Aldrich) at 1:4000, mouse anti--polyglutamylated tubulin (GT335; provided by C. Janke, Center de Recherches de Biochimie Macromoléculaire, Montpellier, France) at 1:5000, mouse anti--acetylated α-tubulin (6-11B-1; Abcam, Cambridge, MA) at 1:15,000, mouse anti-GFP (3e6; Invitrogen) at 1:750, mouse anti--centrin-2 (20H5; provided by J. Salisbury, Mayo Clinic, Rochester, MN) at 1:1000, mouse anti--centrin-3 (Cetn3; Abnova, Taipei City, Taiwan) at 1:4000, mouse anti-myc (9e10) at 1:500, mouse anti--γ-tubulin (GTU-88; Sigma-Aldrich) at 1:5000, rabbit anti-Smoothened (38686, Abcam) at 1:1000, rat anti--ZO-1 at 1:1000 (American Research Products, Waltham, MA), rabbit anti--β-catenin at 1:1000 (Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-pericentrin at 1:200 (BD Biosciences), and rabbit anti-Cep164 at 1:2000 (E. Nigg, Biozentrum, University of Basel, Basel, Switzerland). For immunofluorescence secondary antibodies against rabbit immunoglobulin G (IgG), rat IgG, or specific mouse IgG isotypes and conjugated to Alexa Fluor 488, 594, 649, or 680 were obtained from Invitrogen and used at 1:500 to 1:1000 for 488 and 594 or at 1:100 to 1:200 for 649 and 680. For Western blot, rabbit anti-p38 (C-20; Santa Cruz Biotechnology) was used at 1:5000 and goat anti-GFP (Rockland Immunochemicals, Gilbertsville, PA) was used at 1:5000.

Western blots
-------------

To obtain cell lysate for protein depletion analysis, cells were trypsinized off the plate, washed in phosphate-buffered saline (PBS), and lysed in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (50 mM HEPES, pH 7.5, 1 mM MgCl~2~, 1 mM EDTA, and 150 mM NaCl) with protease inhibitors and 0.5% Triton X-100 for 1 h at 4°C. Lysate was cleared by centrifugation at 16,000 × *g* at 4°C for 15 min. The protein concentration was determined using Bradford Reagent (Bio-Rad). Equivalent amounts of total protein for each sample were mixed with sample buffer, boiled for 5 min, and loaded on polyacrylamide gels for SDS--PAGE. For antibody-specificity testing, cells were lysed on the plate in sample buffer and harvested. Samples were boiled for 5 min, and equivalent volumes of lysate were loaded on polyacrylamide gels. After SDS--PAGE, proteins were transferred to nitrocellulose membranes, blocked in TBS-T (Tris-buffered saline with 0.1% Tween-20) with 5% milk, and then incubated with primary antibodies overnight (see *Antibodies*). Membranes were washed with TBS-T and incubated with a 1:10,000 dilution of horseradish peroxidase--conjugated goat anti-rabbit or 1:5000 donkey anti-goat secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, and Santa Cruz Biotechnology) for 1 h at room temperature. Membranes were washed, developed using SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher, Waltham, MA), and exposed to film.

Immunofluorescence and live-cell microscopy
-------------------------------------------

Cells were grown on polylysine-coated coverslips and fixed using either ice-cold methanol or 4% paraformaldehyde, followed by quenching with 1 mg/ml NaBH~4~. Cells were blocked in 3% BSA (Sigma-Aldrich) in PBS plus 0.1% Triton X-100. Coverslips were incubated in primary antibodies diluted in blocking solution at the previously indicated concentrations (see *Antibodies*) for 30 min overnight, washed in blocking buffer, and incubated in secondary antibodies diluted as described (see *Antibodies*) for 30 min to 1 h. Nuclei were stained by brief incubation with 4′,6-diamidino-2-phenylindole (1 μg/ml). Coverslips were mounted on slides using MOWIOL mounting medium containing 1,4,-diazobicycli-\[2.2.2\]-octane (Sigma-Aldrich) and *p*-phenylenediamine (Sigma-Aldrich). MTECs grown on filters were fixed, stained, and prepared for imaging as previously described ([@B46]). Images were acquired using OpenLab software (PerkinElmer, Waltham, MA) on a microscope (Axiovert 200M; Carl Zeiss, Jena, Germany) with PlanNeofluar 100×/1.3 numerical aperture (NA) and PlanApoChromat 63×/1.40 NA objectives and a cooled, charge-coupled device camera (Orca ER; Hamamatsu Photonics, Hamamatsu, Japan). Images were processed using Photoshop (Adobe, San Jose, CA) and ImageJ (National Institutes of Health, Bethesda, MD). Spheroids were imaged on a confocal laser scanner (LSM510; Carl Zeiss) using a 40× oil objective (NA 1.3). For suborganelle localization of Rilpl1, Rilpl2-LAP tubule imaging, and polarization of IMCD3s on filters, a *z*-stack of digital optical sections at 0.2-μm intervals was collected using a 100×/1.35 NA or 60×1.40 NA objective (Olympus, Tokyo, Japan) on an epifluorescence inverted microscope (IX70; Olympus) in an imaging station (DeltaVision; Applied Precision, Issaquah, WA) with a charge-coupled device camera (CH350; Photometrics, Tucson, AZ) in the Cell Sciences Imaging Facility (Stanford, CA). Deconvolution of images was performed using the constrained iterative algorithm and point-spread functions provided with the DeltaVision system. Images in the stacks were merged into a single maximum-intensity projection image. Brightness and contrast were adjusted in Photoshop, except when intensity values were collected (see below).

For wide-field, live-cell microscopy, IMCD3 cells were seeded on 32 mm or 42 mm poly-[l]{.smallcaps}-lysine--coated coverslips. Coverslips were mounted in a sealed chamber with DMEM medium without phenol red (Invitrogen) and 0--0.5% FBS on the Axiovert microscope described earlier, at 37°C. Stacks of images were taken with a PlanApoChromat 63×/1.40 NA objective at the stated interval. To create time-lapse movies, the in-focus planes from each time point were combined in a time-lapse series. Brightness and contrast were adjusted in Photoshop and ImageJ. For spinning-disk confocal microscopy, IMCD3 cells were seeded on chamber slides and imaged in DMEM medium without phenol red (Invitrogen) and 0.5% FBS on a spinning disk confocal microscope (PerkinElmer UltraVIEW VoX with a Zeiss AxioObserver) using a 63×/1.40 NA objective and a Hamamatsu C100600-108 camera (ORCA-R2). Images were assembled into a time-lapse movie of *z*-stack maximum projections using Volocity (PerkinElmer).

For quantification of fluorescence intensity of 5-HT6-GFP in the primary cilium, images of 20 random fields of cells were taken at identical exposures for each sample. ImageJ was used to analyze images. The total intensity of the GFP signal in the cilium was measured in addition to the background fluorescence intensity and length of the cilium based on the GFP signal. The intensity per unit length is reported in arbitrary units.
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